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REMARKS 

Entry of the present amendment and reconsideration of the claims is respectfully 

requested. 

I. Status of the Claims 

Claims 21 and 29 have been amended and the amendments do not add new matter. 
Claims 21-25 and 27-45 are pending in the application. 

Claim 29 is objected to for informal matters. Applicant has amended the claim to address 
the informalities and respectfully request that the objection be withdrawn. 

IL Acknowledgment of Allowable Subject Matter 

Applicant would like to thank the Examiner for the acknowledgment of allowable subject 
matter in claims 28, 29, 37-42 and 44-45. 

III. Telephone Interview 

Applicant thanks the Examiner for discussing proposed amendments to the claims and the 
Crosby and Roche references in the telephone interview of March 29, 2004 with Apphcant's 
representative, Louis DelJuidice. No agreement was reached regarding the application. 

IV. Rejections under 35 U.S.C. S 101 - Double Patentine 

Claims 21-25, 27, 31-36 and 43 have been rejected under 35 U.S.C. §101 for nonstatutory 
judicially created doctrine of obviousness-type double patenting over claim 3 of U.S. Patent No. 
6,116,138 to Achten in view of U.S. Patent No. 2,550,405 to Crosby and U.S. Patent No. 5,251,442 
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to Roche. Achten's invention relates to a hydraulic transformer that controls a hydromotor without 
any additional valves or controls. Achten discloses a simple hydraulic design wherein each 
hydromotor has its own hydraulic transformer. Additionally, neither Crosby nor Roche, as argued 
below, can be properly combined with each other nor can they be combined with Achten to reject 
the claims. 

In light of the amendments and the reasons set forth herein. Applicant respectfully requests 
withdrawal of the rejections under 35 U.S.C. § 101 and double-patenting and urge allowance of the 
claims as now amended. 

V. Rejections under 35 U.S.C, § 103 

Claims 21-25, 27 and 30-32 have been rejected under 35 U.S.C. § 103(a) as being 
unpatentable over U.S. Patent No. 2,550,405 to Crosby in view of U.S. Patent No. 5,251,442 to 
Roche. The Examiner states that Crosby discloses all the elements of the claimed invention except 
for a sensor that measures flow in the connecting line and that Roche discloses most of the elements 
of the claimed invention, including a flow sensor that measures flow in the line between the 
transformer and the hydromotor. 

Applicant respectfully traverses the above rejection. Applicant has amended claim 21 to 
recite "the control means comprises a sensor for measuring the flow rate of the fluid flow in the 
connecting line between the one of the rotating and linear hydromotor and the hydraulic transformer 
and means for restricting the flow rate." In a hydraulic unit connected to a pressure source that 
supplies fluid at a high capacity or the hydraulic unit can take in hydraulic fluid at a high capacity 
from a low pressure line, there is a serious risk of injury if the load falls off or if the speed of the 
hydromotor changes in an unexpected way. Prior art transformers cannot change their setting 
{W:\07238\000H4 1 8000\00 1 75634.DOC IliltllllilliillllllillllliilM } 
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quickly enough so that the flow rate does not change uncontrolled. The presently claimed invention 
can quickly change the setting of the transformer to control the flow rate. The claimed control 
means both detects the flow rate of the fluid in the connecting line and can restrict the flow rate. 

hi contrast, the prior art of record does not acknowledge the dangers of an uncontrolled flow 
rate from the loss of a load or taking a temporary unlimited supply of high pressure fluid. 

Applicant admits that Roche discloses a control system that monitors pressure and flow rate 
in the output line. See, e.g. Rosch, Figure 6. Based on the monitored pressure and flow rate, 
Roche's control system calculates new setting based on a "set point" for the system pressure and 
calculates new settings for the shutoff valves and the modulating valves in order to match the 
monitored flow rate with the flow rate demand of the load. However, contrary to the presently 
claimed invention, Roche teaches that "the control system provides for making large changes in 
flow rate to accommodate sudden changes in flow demand with little or no change to the system 
pressure." Roche, column 18, lines 39-42. Given the above, Roche teaches away from the present 
invention. Further, neither Roche nor Crosby teaches or suggests the problem solved by the present 
invention. Thus, one of ordinary skill in the art is not taught or motivated to combine Roche with 
Crosby to solve the problem of the present invention. 

Additionally, 22-25, 27 and 30-32 depend from claim 21 and are allowable based at least on 
their dependency to the independent claim. 

Applicant respectfully requests the present rejections be withdrawn. 

For the Examiner's convenience, Applicant has attached hereto, as Exhibit A, the article 
Cylinder Control with the Floating Cup Hydraulic Transformer, The Eighth Scandinavian 
International Conference on Fluid Power, SICFP '03, presented May 7-9, 2003, Tampere Finland, 

{W:\07238\000H4 1 8000\00 1 75634.DOC IIIIiillllliiillllMIIIIIliilll } 



Application No.: 09/601,961 12 Docket No.: 07238/0O0H418-USO 

by Georges Vael, Peter Achten, and Jeroen Potma. The article outlines the state of the art prior to 
the present invention and outlines some of the uses and benefits of the present invention. 



CONCLUSION 

In view of the above, each of the presently pending claims in this application is believed 
to be in immediate condition for allowance. Accordingly, the Examiner is respectfully requested to 
pass this application to issue. 

Dated: April 28, 2004 Respectfully submitted, 
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CYLINDER CONTROL WITH THE FLOATING CUP 
HYDRAULIC TRANSFORMER 



Georges Vael, Peter Achten, Jeroen Potma 
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Nikkelstraat 15 
4823 AE Breda, The Netherlands 
Phone i-31J6,5424080, Fax +31.40,76.5424090 
E-mail: gvael@mnas.com 

ABSTRACT 

The Common Pressure Rail is a hydraulic drive line lay-out that holds great promise 
with respect to efficiency, controllability and modularity* In the field of mobile machin- 
ery, it can be a direct competitor to the current drive line of choice, the Load Sensing 
system. However, the Common Pressure Rail concept was never viable because it 
lacked a good solution to drive linear loads. 

The Innas Hydraulic Transfonncr was developed to be such a solution. Recently, with 
the introduction of the Floating Cup displacement principle, the outlooks for a compet- 
itive design of the Innas Hydraulic Transformer have become a lot better. A Floating 
Cup Hydraulic Tiansformer prototype may be expected on short term. 

Consequently, the activities on Common Pressure Rail systems have been intensified 
This paper describes one of the aspects of the design of a Common Pressure Rail Sys- 
tem: the way in which a diflfereniial cylinder can be connected to a Common Pressure 
Rail through an hmas HydmuUc Transformer. Four different options are introduced 
and compared. 

KEYWORDS 

Common Pressure Rail (CPR), Innas Hydraulic Transformer (IHT), Cylinder Control, 
Floating Cup (FC) Principle. 
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1 INTRODUCTION 

As a linear force generating element, the hydraulic cylinder is unrivaled in power and 
force density. For this reason, it is still almost the only drive option for the implement 
functions in mobile machines. Most of the hydraulic cylinders in these machines con- 
trol the movement of a flexible kinematic structure, e.g. the boom of an excavator* 
They have to be controlled to obtain synchronized movements, regardless of the load 
situation. In the past, this control was left to skilled and experienced operators. Over 
time, the demands on productivity grew and in response to tbat> the complexity and 
potential of mobile machines increased. The load on the operators increased but also 
the dependency of their skills. 

In order to improve the controllability of mobile machinery, so called *Load Sensing' 
(LS) systems were developed- In Europe and in the United States the LS system is the 
system type of choice for modem mobile machineiy, A typical LS circuit for an exca- 
vator is given in figure I . In this LS system, each control section contains an upstream 




Figure 1: A typical LS excavator circuit 

pressure balance, which realizes a constant pressure drop over the control valve. Con- 
sequently, the flow through the valve is a function of the actual valve position only, 
which is directly commanded by the operator. The flow - and with that the cylinder 
speed - has become independent of the actual downstream load pressure. Therefore, 
these systems are often said to have *load independent flow control*. 



26-04-2004 09:09 VAN-LOS A STIGTER B,V, +31206260007 T-585 P. 006/01? _F-r73 



Because all load pressures are seused anyway, a logical iiext step is to compare them 
and use the highest value to control a supply pump, which gives a pressure level just 
above that value plus the required pressure drop over the valve. In this way the pump 
output pressure is restricted to the minimum value required for simultaneous movement 
of all cylinders. In early literature on LS systems^ their energy saving capability is 
often stressed. This, however, is probably not the main reason for their success: the 
load independent flow control is. 

In spite of these advantages, the LS system type also has its drawbacks. It takes careful 
tuning to get an LS system to work properly. Consequently it is not well suited for a 
really modular system approach. Although the LS system ofiFers the possibility to 
control the pump pressure to a limited value above tb& highest load^ imnecessary power 
losses are still suffered at the loads chat do not require this pressure, 

A system type that holds the same potential for precise control and synchronization 
of the cylinders is the 'Common Pressure Rail* (CPR) system. In this system type, a 
high pressure rail (typically 30 MPa) and a low pressure rail (typically 1 MPa), run 
through the whole vehicle, A pressure controlled pump is used to maintain the high 
pressure level and accumulators are attached to the high and the low pressure rail. 
The accumulators help to keep the rail pressure semi-constam and allow a temporary 
storage of energy* In this way the loads can recuperate energy to the rail, which implies 
a large efl&ciency gain for a lot of mobile machines. The pump is set wp to deliver only 
the average power requirement, which means that a smaller engine and pump can be 
itistalled. 

An loads in the CPR system operate from the same pressure and are controlled directly 
at the load. In this way they do not itifluence each other, as long a* the pump is able to 
deliver the required average power to the rail This is a distinct and important difference 
to the LS system typcj, where the loads are only tQdependent of each other as long as 
the pump can respond fest enough to the momentary power need. 

Studies into CPR systems were initiated around 1980 [1]. At that time they were 
mostly referred to as 'secondary controlled* systems, because the controller acted di- 
rectly at the load, i.e, at the secondary side of the drive system. It was shown that rotary 
loads could be driven from the common pressure rail with high efficiency and with ex- 
cellent controllability [1, 2, 3], The problem at that time was that no good solution 
existed to drive luaear loads from the rail. Throttling was out of the question, as that 
would spoil the eflSciency of tixe drive line. What was needed was a transformer that 
could transform the pressure in the rail down to the pressures the linear loads would 
require, without throttling losses. Such an hydraulic tmnsformer was developed [4, 5] 
but it was bulky, expensive and - due to internal losses - had an eflBciency which was 
only barely better than that of throttling. Mainly because of the lack of a good solution 
for linear loads, CPR systems did not break through at that time. 
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In 1996, a new type of hydraulic transfonner was developed [6], the *limas Hydraulic 
Transformer' (IHT), with which the M potential of the CPR system type may finally 
be opened up. After the IHT principle had been successfully demonstrated in a first 
prototype, it was developed further in the subsequent years [7, 8], Until the end of 
2001, all developments concerned adapted conventional axial piston pumps or motors, 
like the one shown in figure 2. At the end of 2001, it was realised that it would be 
necessary to design an IHT fi:om scratch, should the CPR really be a better solution 
than LS, The main requirement for the dedicated IHT was a significantly larger number 
of pistons, to be reached without increasing the production costs. 

The development of the dedicated IHT quickly resulted in a new axial piston displace- 
ment principle, which was dubbed the 'Floating Cup' (FC) principle [9], Rotating 
groups based on the FC principle can be produced using chip-less production tech- 
niques. These are akeady common for mass produced parts like bearings but new to 
the production of conventional axial piston units, where machine shop production tech- 
niques are used With these mass-production techniques, an FC rotating group with a 
far larger number of pistons, can be produced cheaper than a conventional rotating 
group. 

The most important functional effects of the larger number of pistons are the reduced 
pulsations - very important for the IHT - and the improved low speed behavior. Sim- 
tJations have shown that with an 18 piston FC IHT, the lowest stable speed can be 
around 2% of the maximum speed. In other words, a FC IHT that has been laid out for 
a cylinder with a maximum speed of 0.5 m/s, will be able to sustain a lowest cylinder 
speed of 10 mm/s. 

It was soon realized that the advantages of the FC principle are not limited to IHTs only. 
It is equally interesting for hydrostatic pumps and motors and as these provide a more 
short-term potential, the development and prototypiivg were quickly redirected from 
TheFCIHTtotheFC pump and motor. Toward the end of 2002 a very satisfying pump 
design was reached and the development of the first FC IHT prototype was continued. 

With a conunercially viable FC IHT so near, studies into its application in the CPR 
have been intensified. Hydraulic circuit layouts were made and IHT control strategies 
are being developed. 

The hydraulic circuit layouts, i.e. the ways in which an IHT can be connected between 
the CPR and a cylinder, are the subject of this article. Four of them are described and 
compared in chapter 3. But first, the basics of the operation of die IHT, as far as they 
are important for the understanding of the layout options, are treated in chapter 2. The 
design of the FC IHT is not treated here, as it is still in full progress. Recent informa- 
tion on the development of the FC displacement principle for pumps and motors, can 
be found in [10]. 
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2 BASICS OF THE IHT 

The first IHT prototypes were modified bent axis hydraulic motors. In order to turn 
these into an IHT, the standard, fixed port plate with two kidneys was exchanged for a 
port plate with three kidneys, that can be swivelled over a limited angle. The kidneys 
connect to the supply (A), the make-up (T) and the load (B) pressure respectively. The 
end cap was changed to accommodate these three connections. The construction of the 
swiveling port plate can be seen in figure 2, as well as the symbol that was coined for 
the IHT. 




Figure 2: An early Innas Hydraulic Transformer prototype and the IHT symbol 



When the barrel rotates, the cylinders pass the three kidneys sequentially. Depending 
on the pressure in each kidney and the cylinders angular position relative to angle at 
which its piston is in top dead center (TDC) position, the pistons contribute to the 
torque on the rotary group. It is important to notice that these hydraulic torques are 
the only torques acting on the IHT, it does not exchange mechanical power with its 
surrotmdings. 

Assxnning a constant rotational speed, the average contribution of any kidney to the 
torque on the rotary group, can be expressed by the general equation: 

In which Vtht is the displacement of the base unit, pk the pressure m the kidney, <t>k 
the nominal arc length of the kidney and the angular position of the center of the 
kidney relative to TDC angle. 



26-04-2004 09:10 



VAN-LOS 4 STIGTER B,V, 



+31206260007 T-5B5 P-009/019 F-773 



A lossless IHT will nm at a stationary speed when the sum of the three kidney torque 
contribfutions is zero: 

Pa ' sin - . sm<J +pr ' sin - • sm + - + -j -hpfi • sm^ ■ sm U - - - - j = 0 (2) 

In this equation 5 is the port plate control angle and a, {3 and 7 are the arc length of the 
supply (A) port, the load (B) port and the make-up (T) port. 

From this equation a pressure transformation factor n can be derived: 

P3 -sinf -8inJ-^>sin^8in(g + t + i) 
PA sinf -sinC^-f-f) 

This equation has been plotted in figure 3 for a lossless IHT, with three kidneys span- 
ning an arc of 120^ each and with the make-iq) pressure put to zero, The figure shows 
that an IHT can transform the rail pressure down to any value below the rail pressure 
but it can also amplify the rail pressure to a higher pressure. 

If, at a given pon plate angle, the pressures at the ports do not correspond to the theoret- 
ical transformation factor 11, the sum of the torque contributions of the three kidneys 
is not zero. The resulting torque will accelerate (or decelerate) the IHT, which will 
send more (or less) fluid to the load As a result, the load pressure will increase (or de- 
crease). This will continue until the theoretical transformation factor has been reached 
again. As the torque is large and the inertia of the IHT is low, the speed changes will 
occur very fast. Functionally the IHT should be thought of as a component that tends 
to quickly realize the load pressure level that is determined by the current supply and 
make-up pressure level, in combination with the port plate angle. The load will react 
to that pressure level with a speed that depends on the actual load process. The IHT 
will closely foUow the load speed- 
In this *open loop* operation, the IHT can be used to control a load pressure. Mobile 
machines, as described before, require load speed control rather than load pressure 




Sldegree^ s^iegrBBsj 



Figure 3: Transformation factor and scaled load flow 
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control. For speed control, the control loop has to be closed This requires extra sen- 
sors and control hardware, On the other haM, it introduces the control quality typical 
for secondary control 

As as been described in [6], a fast and stable secondary controller requires feed back 
of both the load speed and the port plate position. As cylinder or linkage position 
sensors are fairly expensive and not yet common in mobile machinery, not the load 
speed will be controlled but the transformer's load flow. This flow can be calculated 
using the general expression for the average flow from the kidney of a transformer into 
its corresponding coimection: 

For the load kidney this yields: 

With the geometry of the IHT fixed, is a function of the rotational speed cj and 
the pon plate control angle 5. For an IHT with three 120^ kidneys, the function is 
plotted in figure 3. It has been made diroensionless by dividing by the average 
flow of a pump with the same swept volume Viht* running at the same speed 

Using equation 5, a controller can calculate the output flow from these two internally 
sensed signals. The output flow controller can be integrated into the JHT structure. 
In this way a rugged, closed package results, which can be positioned in the harsh 
environment close to a cylinder. Cylinder and controller could also be integrated into 
one component: an intelligent hydraulic cylinder module. 

The required output flows have to be communicated to the integrated output flow con- 
troller, preferably through a CAN bus. They can be generated m two ways: 

• They may come directly from the joysticks, in which case the fimctionality of the LS 
system type can be exactly reproduced, with the added advantage that the sensitivity 
of the joysticks can easily be adjusted to the drivers liking or to the job at hand, 

• They may be generated by a global vehicle controller, aiding the driver with complex 
synchronization tasks. If the global controller fails, the local controllers can fell 
back to reacting directly to the joystick signals. If a global controller is present, it is 
likely that also cylinder or linkage position sensors are available. These can be used 
to watch the performance of the local output flow controllers and compensate for 
temperature and wear effects. This can either be lefl: to the local controllers, taking 
the actual position information from the CAN bus, or it may be left to the global 
controller. If the global controller detects a mismatch, it can adjiist the required flow 
signals to the local controllers. In an alternative set-up it can send information that 
allows the local controller to adjust its control paiameteis. The latter is preferred, as 
it enables a ieaming' condensation algorithm. 
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3 POSSIBLE CIRCUIT SOLUTIONS FOR IHT BASED CYLINDER CONTROL 

Most implement functions in mobile machinery are driven by differential cylinders 
tbat can operate in four quadrants: they have to be able to exert forces in extending 
and in retracting direction, independent of the direction in which tiiey are moving. 
Magnitude and direction of the forces can change suddenly^ for instance when the 
bucket of an excavator is lowered to the ground to sian digging. Even when the bucket 
hits the ground and the force suddenly changes direction, the movement of the cylinder 
controlling this process should be as continuous as possible. 

There are several ways in which an IHT can be xised to realize four quadrant operation 
of a differential cylinder connected to a Common Pressure Rail. In this chapter, four 
fundamentally different alternatives will be introduced and compared. 

In mobile machines which are also used for lifting loads, a cylinder lock-up Amction 
is often required This function ensures that a load does not lower under the influ- 
ence of gravity, even when it is left banging for a prolonged period, possibly with the 
machine shut off In most cases, a lock-up on one cylinder side is suflScient, In the 
last three alternatives presented in this chapter, the optional lock-up function has been 
incorporated in the scheme. It is assumed here that the gravity load tends to pressurise 
the bottom side of the cylinder. The lock-up function has been added to that side. Of 
course, if a cylinder is mounted in the vehicle in such a way that the gravity load pres- 
surizes the ring side, the lock-up has to be at that side. In all alternatives this can be 
done without loss of functionality. 

If a lock-up function is present, it can also be used to realize a perfect standstill of a 
non-commanded cylinder when it experiences gravity loads or reaction forces mduced 
by the actions of other cylinders. This functionality will be described in more detail 
too. 



3.1 A four quadrant IHT 

The most obvious way to realize four quadrant operation would be to use the four 
quadrant transformer (the '4Q IHT') that has been designed for and tested in the hy- 
drostatic wheel drive of a fork lift truck. It has been described in earlier publications 
[11] and is ihowa again in figure 4. The design requires a special pon plate and a 4/2 
valve. Using flie same circuit lay-out, it can be used to control a differential cylinder. 

The idea for the 4Q IHT originates from the symmetrical nature of the IHT: if the pon 
plate of an IHT is turned to negative control angles, the IHT operates as described 
before, only its B and T port switch function. So, for a 4Q IHT it should be possible to 
turn the port plate to positive as well as negative control angles. 
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Figure 4: The port plate and switcbmg valve of a four quadrant IHT 



In order to be able to start up an IHT from zero speed at high loads and because 
the pressure transformation efficiency of an IHT is not 100%, even an IHT thai does 
nor have to amplify the rail pressure needs a maximum control angle well over 60*'. 
The required maximum angle for the FC IHT design is srill unsure, as no such EHT 
prototypes have been tested yet. Past measurements of IHTs based on conventional 
axial piston units, suggest a worst case start-up angle of 90^. For the four quadrant 
transformer this imphes ihat it should be possible to rotate the pon place from —90 to + 
90^ 

This, however, introduces a problem: all three kidneys in the pon plate have to connect 
to static ports in the end cap, while the pon plate itself has to be able to rotate over 180^. 
If the three kidneys in this interface are arranged on the same circumference, a total of 
540'^ should be available, which a circle carmot oIFer. 

A solution has been found in a port plate design in which the A kidney is rerouted from 
its position on the front side of the port plate to a central hole in the back side. In this 
way more room is created for the B and T kidneys on their common circumference. By 
creating four ports in the end-cap, two of which are switched when the port plaie rota- 
tion angle changes sign, a fiill rotational freedom of 90** in both directions is obtained. 
As has been shown in [11], a 4Q IHT needs at least a 3/2 valve because the make up 
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flow has 10 be switched when the pons switch function. With a 4/2 valve, the make up 
flow as well as the two 90° ports can be switched. The valve has lo switch when the 
port plate control angle changes sign. This is a geometrically defined condition, so the- 
oreiicaUy the valve can be incorporated in the port plate. If a separate valve is chosen, 
its operation can be direcdy linked to ihe port plate position. Even when the valve is 
switched, the flows between the IHT and both sides of the load (motor or cylinder) are 
uninterrupted and do not change sign. This implies that switching the force direction 
on the load does not cause pressure peaks or temporarily blocked movement of the 
cylinder. 

The optional lock-up function can be realized in exactly the same way as described in 
the section 3.2. 

In the 4Q design, the front side and back side ports of each port plate kidney are ofifsei. 
This leads to large unbalanced static torques on the pon plate, which have to be taken 
by a port plate bearing. Because this bearing has to be acconmiodated and because the 
ports have to be re-routed between front and back-side of the pon plate, the pon plate 
construction of this 4Q IHT is complex. It gets even more complex if the fimction of 
the 4/2 valve is integrated in the pon plate, 

3.2 A two qtiadrant IHT in combination with a 412 spool valve 

The second alternative uses a normal spool valve to switch the load connection of the 
IHT from the bottom side of the cylinder to the ring side, while simultaneously switch- 
ing the the low pressure connection of the cylinder from its ring side to its bottom side. 
In this way the direction of the force exened by the cylinder is reversed while the load 
and low pressure ports of the IHT do not have to be switched. A two-quadrant C2Q') 
IHT can be used, in which the routing of the pons in the pon plate is straightforward. 
Figure 5 shows the circuix. 

The cartridge valve in figure 5 provides the optional lock-up function. It is piloted by 
a small electromagnetic 3/2 valve, which is coimected in such a way that the lock-up 
valve is closed when the system is not electrified- The lock-up valve closes the cylin- 
ders bottom side completely and thus prevents the cylinder from moving in retracting 
direction. 

As mentioned in the introduction to this chapter, the lock-up fimction can also be ixsed 
to prevent the cylinder from moving when another cylinder causes reaction forces. In 
order to realize this, the lock-up valve is closed and the IHT is controlled to the max- 
imum pressure on the ring side of the cylinder. The cylinder is then secured between 
the pressures at the bottom and ring side of the cylinder. 

The bottom side of the cylinder is protected by a pressure linuting valve, as this volume 
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Figure 5: Control of a differential cylinder using an IHT and a directional valve, 

is completely shut ofif from the system when the lock-up is active. On the ring side, 
the normal IHT behavior ensures that the pressure can never rise above the maximum 
lervel ser by the transformers control angle. If^ due to the action of another cylinder, 
the pressure at the ring side tends to rise above that value, the traxisformer will simply 
Stan to rotate allowing the cylinder to move and thus maximizing the pressure. Due lo 
the movement, the pressure at the boirom side of the cylinder will drop. When it falls 
below the low pressure acting at the other side of the lock-up valve, this funcrioos as a 
one-way valve and lets oil flow into the bottom side of the cylinder. 




From a control point of view, this circuit solution h^s a distinct disadvantage. If the 
loading situation requires that the load pressxire connection of the IHT is switched from 
one cylinder side to the other, while the cylinder has to continue moving in the same 
direction, the IHT has to change its direction of rotation. This means that the IHT has 
to break to a stop and subsequently accelerate in the opposite direciion. Because the 
IHT's inertia is low compared to its maximum torque capability, this will happen very 
quickly. Nevertheless, there will be a brief moment with pressure peaks in the load 
connection of the transformer and a severe discontinuity in the control strategy. At the 
same moment, also the flow between the valve and the load is temporarily blocked oflF» 
This requires careful tuning of xhe transirion between ihe two positions of the valve in 
order to ensure smooth switching under all circumstances. 

It should be noted that in stead of a 4/2 valve, also four 2/2 camidge valves can be 
used, piloted by a small spool valve. The advantages of using cartridge valves are: 
• In this system, the valves realizing the directional function have lo be designed to 

take the full IHT flow. This would lead to a large 4/2 valve. Cartridge valves could 

present a more compaci and less costly solution. 
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• A lock-up of both cylinder sides can be realized by adding a third position to the 
pilot valve. A separate piloted cartridge valve for the lock-up function is no longer 
necessary, which saves costs. 

33 A two quadrant IHT in combination with a pressurized cylinder rod side 

In this third strategy, the rod side of the cylinder is always connected to the high pres- 
sure line of the CPR, The IHT is designed to have an ampllflcation capability. When a 
large force in extending direction is required, the bottom side pressure is raised above 
the rod side pressure- The area ratio between bottom and rod side of the cylinder helps 
to overcome the force generated by the ring side. Figure 6 shows a sketch of this circuit 
optioxi. 




Figure 6: IHT connrol of a double acting cylinder with a pressurized cyUnder rod side. 



In this solution, the lock-up function for gravity loads and the zero speed capability can 
be realized in the same way as in the previous circuit options. In this case, however, 
the pressure that can be applied to the ring side can not be varied with the IHT. It is 
always equal to the high rail pressure (p^) ax the ring side of the cylinder Again, if the 
extending force exceeds the lockup force, the cylinder will move, 

A very significant advantage of this solution is the continuous control of the IHT, The 
control angle directly sets the hydraulic force of the cylinder, the IHT speed smoothly 
follows the resulting load flow. Neither the direction of rotaiion of the IHT nor the pon 
plate connrol angle need to be changed suddenly. 



A disadvantage of this solution is that the cylinder bottom area has to be increased, if 
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ihe same force in extending direction has to be generated. This is due lo the fact that 
the pressure amplification ratio can not be increased at will. Above a certain value, the 
efficiency of the pressure transformation diminishes significantly. 
Measurements have shown that the efficiency of an IHT running at maximum speed at 
a port plate control angle of 90*', is aproximatley 70%. So: 

TlacPual^^^^^^^ = %t50.«rn«; ^ ^theoretical = OT X 2 = 1.4 (6) 

Assuming that the CPR supply pump and the LS pump have the same maximum pres- 
sure capability of 30 MPa, the maximum output pressure of the IHT is thus 1.4 x 30 
MPa = 42 MPa, At the same input pressure of 30 MPa, the maximum ourpui pressure 
of an LS block is about 28 MPa. As mentioned in chapter 1, this pressure drop over 
ihe valve block is esseiitial lo the ftmcriomng of ihe LS sysiem. 
For a typical differential cylinder, the ratio berween the rod-side area and the bottom 
side area is l.S. With these data, the required bonom size area can be calculated from 
the requirement that the extending force in the IHT based system is equal to that in the 
LS system; 

^extension J i{T ~ ■fexreiwuwz.s (^) 

This yields the following equation: 

Assuming th^at the retracting forces in both systems should be equal: 



42 X Alx>ttm{fiT ~ 28 X Aringf,$ — 28 X Ahattcmf.^ (9) 

42 X i4ftonwn/OT ^ 28 X = 28 X A^xicmi$ (^^) 

(U) 

which gives the relationship between the bonom side area of the cylinder in the IHT 
based system to that in the LS system: 

AiicmommT ^ 1^11 X Abottomi^s (^2) 

This noeans that in this system lay-out, the inner cylinder diameter has to be increased 
by about S.4%, in order to achieve the same cylinder force potential as the LS system. 

Figure 3 shows that if the port plate is governed in the amplification range, the load 
flow per revolution quickly diminishes with the port plate angle. As a result, the swept 
volume of an IHT that has to deliver the desired flow at large amplification angles, 
has to be larger than the swept volume of an IHT that does not need amplification for 
its operation. This effect is augmented somewhat because the maximum speed of any 
axial piston unit decreases with increasing swept volume. Consequently, diis strategy 
does not only require a larger cylinder but also a significantly larger IHT, 
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3,4 A two quadrant IHT in combination with a switched cylinder rod side 

In the last strategy, the rod side of the cylinder is connected to the high pressure line 
when a force in retracting direction or a moderate force in extending direction is re- 
quired. When a large force in extending direction is necessary, the rod side is switched 
to the low pressure line. The solution is sketched in figure 7. Here, the IHT does not 




Figure 7: IHT control of a double acting cylinder by switching the rod side pressure. 



have to go deeply into the amplification range lo be able lo realize the same cylinder 
forces as the conventional system type. The largest pan of che amplification range can 
be used to start up the IHT. The load flow per revolution is lower, but at low speeds 
that is not important. 



For the lock-up and stand still fijnctionality - here also incorponed through a piloted 
cartridge valve - the same considerations are valid as for the circuit opdon of section 
3.3. 



The drawback for this circuit option are the extra valves, which are necessary at the 
rod side. Compared to the solution of section 3.3, they add extra costs. In the scheme 
presented in figure 7, two inexpensive cartridge valves have been used, piloted in tan- 
dem by a sraall 4/2 valve. With this setup, unlimited pressure peaks will not occur if 
the switchover is made when the load is still moving, as the cartridge valves will act as 
one-way valves to the CPR systera- 

The port plate control is not continuous anymore. At some point the IHT controller has 
to make tiie decision to switch the caro-idge valves. It is not difficult to incorparaie this 
decision in the controller. When the controller detects that the realised cylinder speed 
differs from the requested speed, it will respond, according to the continuous control 
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algorithm, by firsi adjusting the port plate control angle, li should switch the cartridge 
valves when it detects thai: 

• the required speed cannot be met, 

• the pon plate angle is approaching its limit value and 

• the position of the 4/2 valve is such that switching it can increase the force in the 
right direction. 

When the controller would just switch the valve, the cylinder force would change step- 
wise. The niagnitude of this force change can be predicted, so it is possible for the 
controller to adjust the port plate angle, also stepwise, in order to smoothen the switch. 



4 Conclusion and outlook 

With the rather qualitative evaluation of the four circuit solutions presented in chapter 
3, it was concluded that the option in which the cylinder ring side is switched between 
supply and make-up pressure is the most promising one. It will be used in the 'IBIS' 
project, a European project in which the boom functions of a medium sized excavator 
will be changed to IHT control A controller for the combination of the FC IHT with 
this circuit option, is being developed. 

The size of the FC IHT prototype under development is suited for the excavator. The 
prototype will be used for the first funaional testing of the new FC principle in an 
IHT. It will also be used for the excavator project, as as a pre-prototype with which 
the circuit and the control algorithms can be tested before they are incorporated in the 
excavator. 
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